Use of digital cameras for radiographs: how to get the best pictures R W Whitehouse MD FRCR J R Soc Med 1999;92:178-182 COMPUTED TOMOGRAPHIC AND MAGNETIC RESONANCE IMAGES CT and MR images consistently use the entire greyscale range of the film and thus display wide contrast differences.
With their improved quality and declining price, digital cameras are increasingly attractive for both business and personal use. In medicine they have already found a place in emergency decision-making by allowing transmission of radiographic images over the Internet for specialist reviewl4; and they also allow archiving of radiological images for personal collections, teaching and publications5. However, when radiographs are photographed in this way, the quality of image can be disappointing. In this article I describe the problems from the viewing box through radiograph, camera and computer to final image and the solutions I have developed to get the best results. The article is illustrated with a radiograph of an extremely subtle pneumothorax, a rigorous test of any image reproduction.
Many digital cameras are of the 'point-and-shoot' type, with automatic focus, aperture, exposure time and colour balance, and some of the difficulties with images of radiographs stem from these systems. Cameras that allow manual override of these parameters are therefore preferable. This article is based on experience with two cameras, the Olympus C1400L and the Kodak DC260.
THE VIEWING BOX
Modern viewing boxes contain two 20-watt fluorescent tubes behind an opalescent white plastic screen. For photographic purposes these have four defects nonhomogeneous illumination, variable colour, flicker and limited brightness.
(a) The homogeneity of illumination from two fluorescent tubes is good but the light source is still brightest centrally and darkest in the corners. This may be noticeable on images that both occupy the full area of the viewing box and have a large expanse of low density around the periphery. Conversely, if the dimmest regions coincide with the darkest parts of the radiograph then the tonal range is increased and can easily exceed the latitude of the camera, resulting in a high contrast image without discernible detail in either the 'highlights' or the 'shadows'.
(b) Fluorescent tubes come in various colour temperatures which, combined with the blue of the X-ray film base, may give an obvious colour cast to the image. In practice, 'cool white' tubes with colour temperatures around 4000 0C balance out the blue-coloured radiographic film base to result in neutral colour balance; 'daylight' tubes with colour temperatures over 6000°C give a distinctly blue cast.
(c) Fluorescent tubes flicker at the mains frequency (50 Hz in the UK). This is not usually perceptible to the eye but will affect the camera if the exposure time is less than 1/50th of a second. This may occur when brighter viewing boxes are combined with lighter radiographs. The result is an unpredictable exposure, often with a yellow colour cast or with a 'banded' appearance ( Figure 2) . Thus, although one may be tempted to use the brightest box available, this effect is best avoided by adjusting the brightness to give an exposure time between 1/60th and I of a second (the longest automatic exposure time on these cameras). In cameras with variable aperture (e.g. the Kodak DC260), a reduction in the viewing box brightness will be compensated for by a widening aperture with consequent reduction in the depth of field; thus accurate focusing is essential.
(d) Conversely, the longer an exposure time, the more 'noise' there may be in the image, produced by the camera electronics. Keeping the exposure time to the minimum commensurate with (c) may require a brighter than average viewing box, particularly if coloured filters or masks are used (see below).
If possible, use a viewing box containing high frequency, high intensity fluorescent lighting. These are expensive and not widely available, but your medical illustration department may be able to assist. The Kodak camera allows external flash synchronization, which is the only mode allowing control of the aperture; a specially constructed viewing box containing a flashgun is ideal for this camera, giving benefits to the depth of field as well as short exposure times. The latest version of the Olympus camera (C1400XL) also supports external flash.
In addition, large areas of CT and MR images and their surrounding borders are black. This may result in overexposure from the camera's auto-exposure meter, which can be compensated for at the camera (see below). The wide contrast range in these images remains troublesome in relation to the narrow latitude of the camera. Combination of images taken at different exposures will increase the latitude of the resultant image6 but is impractical, requiring perfect image co-registration and specialized software. However, a colour filter can substantially increase the latitude of the camera ( Figure  1 ). I use a blue filter (Cokin +2 blue [80A]) attached to the Olympus camera. The Kodak camera cannot have a filter attached but anyway has a wider latitude which can be further enhanced by placing a sheet of processed, unexposed film behind the CT/MR image, so that the blue film base colour-filters the image. Blue filtration works because the camera acquires each image in three channels, one for each colour (red, blue and green), which are combined to give the final colour image. A blue filter results in a neutral exposure for the green channel but underexposure for red and overexposure for blue. As these are combined in the image the total density range is expanded. The colour cast is removed by converting the image to greyscale on the computer. Conversely, for radiographs that lack contrast, the camera will give an image of greatest contrast when there is a neutral colour balance; coloured filtration should be avoided in this situation. 
RADIOGRAPHS
Radiographs have a potentially very wide optical density range but are commonly either over-exposed or underexposed. The camera's automatic exposure should compensate but the exposure is 'centre weighted' i.e. biased towards an appropriate exposure for the centre of the field of view. Thus, since the middle of most radiographs is bright (e.g. the heart and mediastinum on chest radiographs), then the automatic exposure will be biased towards producing mid-grey tones centrally, with the rest of the image underexposed (Figure 2a ). This effect is compounded by the central brightness of viewing boxes. Correction by exposure compensation at the camera (see below) is most effective when it is combined with a reduction of the viewing box brightness in those regions where the radiograph is lightest. Whilst this sounds fiddly, it is quick and simple to do with a few inexpensive props. This technique is a form of 'unsharp masking'; it requires an additional, removable, front face for the viewing box. Behind this, masks of light grey film can be placed, cut to the approximate shape of the region that needs to be darkened. The additional front face overlying this diffuses the outline of the mask so that its presence is not obvious but the effect on the final image is considerable (Figure 2c ). A few precut masks will usually be sufficient and appropriate for the great majority of radiographs. Alternatively, or additionally, the latitude of the camera can be increased as described for CT and MR images.
THE CAMERA

Focus
The automatic focus on these cameras relies on detection of sharp edges in the image and adjusts the focus to optimize them. Unfortunately this is unreliable for radiographs, which rarely contain sharp enough edges. If you place an object on the film during focusing (the first half of the shutter release movement) and remove it before completing the shutter release, this gives the autofocus something to work on. Alternatively the fixed focus mode can be used. This is limited to a choice of 40 cm or 180 cm on the Olympus camera. A series of manually selected fixed focus distances can be set on the Kodak camera. However, focus moves in steps of 20 cm for close-ups, which is greater than the depth of field for wide aperture at short focus distances; a secure mount for the camera is therefore recommended, at a fixed distance which best suits the camera. I have found the optimum focus distances to vary across the field of view and to vary with the lens zoom position, being particularly inaccurate at wide angle. Placing the camera further from the viewing box and using the zoom to crop the image therefore improves the accuracy of focus, increases the depth of field (which compensates for the variation across the field of view) and also improves the homogeneity of illumination (inverse square law).
Exposure
Automatic exposure is standard on all digital cameras. The Olympus camera has a fixed aperture (it varies slightly with the zoom position), exposure being set by the exposure time, whilst the Kodak camera has both exposure time control and a variable aperture from f3 to fl6 (the latter only manually selectable in external flash mode). I suspect that the automatic exposure tries to keep the exposure time to 1/60th of a second or less in order to counter camera shake and will therefore preferentially open the aperture as the view gets darker. As indicated above, an exposure time of greater than 1/50th of a second is best for a standard viewing box; this will invariably put the camera into its widest aperture and consequently the shallowest depth of field. Exposure compensation can be selected on both cameras, allowing application of up to two stops of overexposure or under-exposure. As indicated above, one stop over-exposed suits many radiographs, whilst one stop under-exposed suits many MR and CT images. If external flash is used for the Kodak camera then the exposure is controlled by the selected aperture and the same exposure suits most images.
White balance
Both cameras have an automatic white balance; this adjusts the average colour of an image to remove colour casts of the kind that occur, for instance, if photographs are taken under tungsten lighting. This is not adjustable on the Olympus camera and will therefore interfere with deliberate attempts to colour the image with a filter, though it does not prevent the increase in latitude. The Kodak camera allows a selection of colour balance corrections for different lighting conditions and can also be disabled, which is appropriate for colour filtered radiographs. The Olympus camera acquires images of 1280 by 1024 pixels, a 5/4 ratio identical to that of computer monitors and radiographic film. The Kodak camera has a video matrix, 1536 by 1024 pixels, a ratio of 3/2, identical to 35mm film. Both cameras save the images as a JPEG (joint Photographic Experts Group) file. It is not currently possible to export the uncompressed image data directly from the camera. The Olympus camera uses a less compressed JPEG file, which is consequently of better quality but uses more memory than the Kodak camera despite the larger image size of the latter. I routinely use the highest quality mode on both cameras; this limits the image storage to about 4-5 images on one of the two 4 MB storage cards supplied with the Olympus but about 15-20 images on the Kodak (supplied with one 8 MB card).
Zoom lens
Both cameras have a 3 x optical zoom. The Kodak camera will just accommodate a full size radiograph on wide angle at a distance of 60 cm (40 cm for the Olympus camera). At the other radiographic extreme the Kodak camera focuses down to 30 cm, giving a field of view of 8 x 12 cm. The Kodak also has an additional digital 2 x zoom that magnifies the image by interpolation. The smaller field of view is satisfactory for CT and MR images and for details from larger radiographs (a separate zoomed view is much better than magnifying a portion of a full field of view [ Figure 21 ).
At wide angle and 40 cm distance the Olympus lens produces some barrel distortion of the image, noticeable if a sheet of MR or CT images has been photographed but not noticeable on most radiographs. I have corrected this effect by building a viewing box with a curved front face but this is probably going too far.
Scripts
Manual override of the automatic settings on either camera requires various small buttons to be pressed to select options from menus. For fixed focus, the Olympus camera also requires a button to be held down at the same time as the shutter release, which is a recipe for camera shake. The Kodak camera allows 'scripts' to be loaded into the camera, which can program the camera to predetermined settings, greatly simplifying the process of setting up the camera.
THE COMPUTER
Both cameras come supplied with a serial cable for connection to a personal computer (PC). Serial transfer of images is slow. The Kodak camera also has a USB (Universal Serial Bus) cable. This requires the PC to have a USB port and operating system support for this, but is ten times faster than the serial link. The Kodak camera also has an infrared communication link (IrLA), which can communicate with both the PC (if this supports IrLA) and the other cameras. Fast data transfer to the PC from the memory card via a card reader (available separately) is also possible. Software to support the data transfer is supplied with the camera.
For best appreciation of images on the PC, the monitor needs to display the full colour image at high resolution; this needs 24 bit 'true' colour and screen displays of 1600 x 1200 pixels for the Kodak or 1280 x 1024 for the Olympus if the whole image is to fit on screen. A graphics card with 4 MB of video memory is needed for the latter, or 6 MB for the former, whilst only the best quality monitors of 17 inch or greater size will support 1600 x 1200 resolution at a frequency that does not produce visible flicker. 16 bit 'high' colour and screen resolution of 1024 x 768 is the best compromise smaller monitor and graphics cards will achieve; and even this needs 2 MB of video memory.
IMAGE PROCESSING
Once you have successfully transferred the image file from the camera to a PC, the software supplied with the cameras allows image rotation and cropping. There may be some simple image smoothing and sharpening algorithms, and adjustment of brightness, contrast and gamma is also possible. The image can be saved in various file formats and for JPEG files the degree of compression can be changed. The image can be converted from a 24 bit colour image to an 8 bit greyscale image but this should be done last, since it limits the quality that can be achieved by image enhancement algorithms. Most image sharpening algorithms give poor results on radiographic images, making the noise more obvious. I have obtained good results with Corel PHOTO-PAINT 8 (Corel DRAW 8, Corel Co., Canada), whose algorithms are more appropriate. I use the following manipulations to improve the appearances of radiological images (Figure 2d ,h) but do not expect miracles: no amount of adjustment will reveal detail not captured by the camera, even if present in the original radiograph, whilst excessive processing will degrade the result.
(a) Tone adjustment: The darker parts of the images are best represented in the blue and green channels of the colour image (particularly if a blue filter has been used). Slightly increasing the brightness of the dark green and dark blue tones increases the visible latitude of the image (b) Edge enhancement of radiographic images is best achieved by high pass filtration followed by level equalization. I use a setting of 30% over a radius of 20 pixels for the high pass filter, followed by automatic level equalization. CT All these steps can be combined in a 'script' which PHOTO-PAINT can apply to batches of images automatically; the process can then be left to run through the day's images on the PC. The final 8 bit greyscale image can be saved as a JPEG image. I find a JPEG compression factor of up to 30 (quality factor of > 70) is acceptable without visible image degradation. This results in a file size of 120 kilobytes or less, making these images simple to store even on floppy discs and also quicker and easier to load or transfer via email. If hard-copy illustrations are to be produced for publication, the output from most printers (even those of 'near photographic' quality) is not adequate. Some enlightened publishers will accept the images on floppy disc but if photographic quality paper images are required then a dye sublimation printer is required. These are expensive, both for equipment and for consumables. Discussions with your local medical illustration department may reveal the location of such equipment. Dye sublimation printers usually have a resolution of 300dpi; perfect coregistration of your image size with the printer resolution will give the best result. The image files can be imported directly into slide-making programs and produce excellent results. CONCLUSION Radiographs are difficult photographic subjects, and digital cameras of the medium price range are unlikely to be developed in a way that can directly accommodate these difficulties. I have outlined some steps that can be taken to improve the quality of their images. Any combination of the suggestions may be of value, but in my experience the factor contributing most to suboptimal images is the use of a conventional viewing box. Images acquired from these cameras are more than adequate for publication and teaching if care is taken, though images of full sized 35 x 43 cm radiographs need to be supplemented by zoomed images of regions of interest. One final word of warning you may get hooked and photograph thousands of images in a short length of time. Maintain a catalogue of your images or you will never find them again.
Note: The scripts for the Kodak camera and Corel PHOTO-PAINT, sample images and the design of the flashbox can be supplied.
